with high affinity during MPT. Ca 2+ -induced MPT pore formations due to mitochondrial membrane protein denaturation resulted in membrane potential dissipation. Oxidants with different mechanisms, tBHP and HOCl, reduced mitochondrial membrane potential and oxidized mitochondrial NADH in EDTA-free medium and had an effect on Ca 2+ -induced MPT onset.
Introduction
Mitochondria are dynamic and plastic organelles involved in a number of crucial metabolic processes, such as energy metabolism, ATP synthesis, the tricarboxylic acid cycle, and β-oxidation of fatty acids (Duchen 2004; Patergnani et al. 2011; Jonas 2015) . Mitochondria are also one of the major components of calcium signaling, capable of modulating both the amplitude and the spatio-temporal patterns Abstract We evaluated the parameters of Ca 2+ -induced mitochondrial permeability transition (MPT) pore formations, Ca 2+ binding constants, stoichiometry, energy of activation, and the effect of oxidative agents, tert-butyl hydroperoxide (tBHP), and hypochlorous acid (HOCl), on Ca 2+ -mediated process in rat liver mitochondria. From the Hill plot of the dependence of MPT rate on Ca 2+ concentration, we determined the order of interaction of Ca 2+ ions with the mitochondrial sites, n = 3, and the apparent K d = 60 ± 12 µM. We also found the apparent Michaelis-Menten constant, K m , for Ca 2+ interactions with mitochondria to be equal to 75 ± 20 µM, whereas that in the presence of 300 µM tBHP was 120 ± 20 µM. Using the Arrhenius plots of the temperature dependences of apparent mitochondrial swelling rate at various Ca 2+ concentrations, we calculated the activation energy of the MPT process. ΔE a was 130 ± 20 kJ/mol at temperatures below the break point of the Arrhenius plot (30-34 °C) and 50 ± 9 kJ/ mol at higher temperatures. Ca 2+ ions induced rapid mitochondrial NADH depletion and membrane depolarization. Prevention of the pore formation by cyclosporin A inhibited Ca 2+ -dependent mitochondrial depolarization and Mg 2+ ions attenuated the potential dissipation. tBHP (10-150 µM) dose-dependently enhanced the rate of MPT opening, whereas the effect of HOCl on MPT depended on the ratio of HOCl/Ca 2+ . The apparent K m of tBHP interaction with mitochondria in the swelling reaction was found to be K m = 11 ± 3 µM. The present study provides evidence that three calcium ions interact with mitochondrial site 1 3 of Ca 2+ -signals, and the major site for Ca 2+ sequestration (Patergnani et al. 2011) . Cellular and mitochondrial Ca 2+ -ion homeostasis is fundamental for cell metabolism¸ proliferation, differentiation, gene activation, as well as cell survival and death (Patergnani et al. 2011; Rizzuto et al. 2012) . The main role of mitochondrial Ca 2+ is stimulation of Ox-Phos enzymes and matrix dehydrogenases (Rizzuto et al. 2012) . Furthermore, Ca 2+ ions can be determinants for the rates of mitochondrial reactive oxygen species (ROS) release (Armstrong et al. 2004) .
Mitochondria are major cellular targets of oxidative stress. It is widely known that oxidative stress and disturbance in Ca 2+ -homeostasis can cause bioenergetic failure by activation of the mitochondrial inner membrane permeability transition (MPT) (Orrenius et al. 2003) . The MPT pore is a non-selective calcium-sensitive channel that allows non-selective diffusion of solutes (<1500 Da) across the membrane and plays a crucial role in cell death (Armstrong et al. 2004; Orrenius et al. 2003; Kowaltowski et al. 2001) . Opening of this high conductance cyclosporine A (CsA)-sensitive, Ca 2+ -mediated pore causes both collapse of the membrane potential, large amplitude of mitochondrial swelling, membrane rupture, and release of sequestered Ca
2+
, small metabolites, and apoptogenic signal molecules (Orrenius et al. 2003) . MPT opening also leads to mitochondrial uncoupling, pyridine nucleotide, and ATP depletion, disruption of ionic homeostasis, and induces ROS productions at the level of Complex I (Batandier et al. 2004 , Alaviana et al. 2014 . Petrosillo et al. (2004) found that Ca 2+ -induced ROS production and cardiolipin peroxidation promote cytochrome c release from rat liver mitochondria via MPT-independent (at low extramitochondrial Ca 2+ level-2 µM) and MPT-dependent mechanisms (at high extramitochondrial Ca 2+ level-20 µM). Ca 2+ -induced MPT pore formations participate in the pathophysiology of many diseases . Inhibitors of MPT might have a therapeutic potential and should be useful in prevention of mitochondria-associated cytotoxic events, such as cardiac ischemia-reperfusion injury, stroke, and excitotoxicity (Baranov et al. 2008) .
The crosstalk between Ca 2+ and ROS signaling pathways within mitochondria is the topic of great interest (Feissner et al. 2009 ). tert-Butyl hydroperoxide (tBHP), an analogue of organic lipid hydroperoxides, is widely used as an oxidative agent in studies evaluating the sensitivity of cells and cellular organelles to oxidative damage (Bellomo et al. 1982; Kennedy et al. 1992; Drahota et al. 2005) . The earlier work of Lapidus and Sokolove (1994) showed that MPT of isolated rat liver mitochondria was triggered using Ca 2+ , tBHP and Pi, agents acting via different mechanisms. Numerous works (Byrne et al. 1999; Drahota et al. 2005; Kriváková et al. 2007; Zavodnik et al. 2013) have shown that peroxidative damage by tBHP results in inhibition of oxidative phosphorylation of both isolated mitochondria and permeabilized cells due to uncoupling of respiration and damage of the electron transport chain complexes, as well causes an early increase of mitochondrial matrix free Ca 2+ , enhanced mitochondrial ROS generation and NAD(P)H oxidation, followed by onset of MPT. It was shown that Complex I containing sulfur-iron clusters is more sensitive to peroxidative damage in comparison with flavoprotein-containing Complex II (Drahota et al. 2005) .
It was shown that another oxidant, HOCl, a highly toxic agent, produced in the sites of inflammation, induced MPT, rapid mitochondrial swelling, and collapse of the membrane potential of isolated mitochondria or mitochondria in whole cells (Whiteman et al. 2005; Yang et al. 2012 ). HOCl at concentrations of 50-200 µM caused rapid necrotic cell death in human monocyte-derived macrophages without caspase-3 activation via triggering an increase in cytosolic Ca 2+ (calcium entered cytoplasm from both extracellular and intracellular sites), whereas elevated calcium triggered calpain-dependent MPT pore formation, leading to membrane potential and cellular ATP loss (Yang et al. 2012) . Similarly, in HEPG2 and human fetal liver cells, HOCl (15-125 µM) caused MPT pore formation, triggering caspase-3 activation through cytochrome c release. HOCl -induced MPT formation leads to apoptosis or necrosis and explains the mechanism of cell death at sites of inflammation (Whiteman et al. 2005) . These effects of HOCl are induced at physiological concentrations of this effector generated by activated neutrophils (20-200 µM) (Davies et al. 1993; Favero et al. 1998; King and Jefferson 1997) .
Despite numerous investigations, the nature and molecular composition of MPT pores as well as the mechanism of formation remain controversial (Patergnani et al. 2011; Rizzutto et al. 2012; Richardson and Halestrap 2016; Santo-Domingo and Demaurex 2010) . The aim of the present work was further elucidation of the parameters of Ca 2+ -induced MPT, the steps of the Ca 2+ -mediated process, Ca 2+ binding constants, stoichiometry, energy of activation, and the interrelationships of calcium ions and oxidants, tBHP, and HOCl, at the onset of mitochondrial permeability transition.
Materials and Methods
Chemicals tBHP, HOCl, calcium chloride dehydrate, succinic acid disodium salt hexahydrate, L-glutamic acid sodium salt, L-malic acid sodium salt, safranin O, carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP), ADP, and cyclosporine A (CsA) were purchased from SigmaAldrich Chemie GmbH (Steinheim, Germany). All other reagents were purchased from POCh (Gliwice, Poland) and Reakhim (Moscow, Russia) and were of analytical grade. All solutions were made with water purified in the Milli-Q system.
Isolation of Rat Liver Mitochondria
Mitochondria were isolated by the standard procedure of differential centrifugation from the rat liver by the method of Johnson and Lardy (1967) . The mitochondrial pellet was resuspended in the buffer to an approximate protein concentration of 35-40 mg/ml. The protein concentration was determined by the method of Lowry et al. (1951) 
Mitochondrial Swelling

Са
2+
-induced swelling of respiring mitochondria was analyzed as changes of mitochondrial suspension light scattering determined from the absorbance changes of the suspension at 520 nm (Petronilli et al. 1993a ) at 25°С using a buffer containing 0.25 М sucrose, 0.02 М Tris-HCl, and 0.001 М KH 2 PO 4 , рН 7.4. Isolated mitochondria (0.5 mg of protein/ml) were added to the media, containing respiratory substrate (5 mM succinate). After 5 min, Ca 2+ ions were added and the rate (∆D 520 /min) of the termination phase of the swelling was measured. The rate of the decrease in light scattering was used to determine the extent of mitochondrial pore opening. At the end of the measurements, uncoupler FCCP (0.5 µM) was added to mitochondria to control the finishing of the MPT process. The representative curves of mitochondrial swelling (Fig. 1a) corresponded to the curves of other authors (Baranov et al. 2008; Whiteman et al. 2005 ). In the case of evaluation of the effect of CsA on mitochondrial swelling and potential changes, 
Mitochondria NAD(P)H Measurements
Mitochondrial NAD(P)H oxidation was measured by a kinetic method using an excitation/emission pair of 340/465 nm and a Perkin-Elmer LS55 spectrofluorimeter (Great Britain) according to the established method (Bartolomé and Abramov 2015). Measurement of NAD(P)H level was performed at 25°С during 20 min using 5 mM L-glutamate and 2 mM L-malate as substrates. Isolated mitochondria were added to the EDTA-free media (0.05 M sucrose, 0.01 M Tris-HCl, 0.125 М КCl, 2.5 mM KH 2 PO 4 , 5 mM MgSO 4 , рН 7.4) at a concentration of 0.3 mg of protein/ ml and after 5 min effectors (Ca
2+
, tBHP, or HOCl) were introduced. At the end of the measurements the uncoupler FCCP (0.5 µM) was added to mitochondria.
Mitochondrial Membrane Potential Measurements
Mitochondrial membrane potential was detected with a Perkin-Elmer LS55 spectrofluorimeter (Great Britain), using the fluorescent dye safranin O (8 µM) at λex/λem 495/586 nm (Akerman and Wikström 1976; Moore and Bonner 1982) and the buffer containing 0.05 М sucrose, 0.01 М Tris-HCl, 0.125 М КCl, 2.5 mM KH 2 PO 4 , 5 mM MgSO 4 (or without Mg 2+ ), and 0.5 mM EDTA or without EDTA (EDTA-free medium), рН 7.4. Measurement of potential was performed at 25°С using 5 mM succinate as substrate. Isolated mitochondria were added to the media at a concentration of 0.3 mg of protein/ml and after 5 min effectors (Ca 2+ , tBHP, or HOCl) were added. The positively charged dye accumulated in mitochondria depending on their potential, with the intramitochondrial dye accumulation resulting in fluorescence quenching. The mitochondrial membrane potential values (mV) were determined using a calibration plot which represented the dependence of safranine O fluorescence intensity on the mitochondrial membrane potential value, calculated according to the Nernst equation:
where the [K + ] in is the intramitochondrial potassium concentration (120 mM) and the [K + ] out is the extramitochondrial potassium concentration in the medium that varies from 0 to 20 mM (Akerman and Wikstrom 1976 ; Moore and Bonner 1982) . For calibration, the membrane potential values were changed by the varying extramitochondrial potassium concentration in the medium in the presence of ionophore valinomycin (0.28 μM). Complete depolarization of mitochondria to calibrate the dye fluorescence was
achieved by addition of FCCP (0.5 µM). To express the dependence of mitochondrial potential on calcium concentration, we used the value of potential change per min (mV/ min).
Statistical Analysis
The results were expressed as the means of four to five replicates ± SD and the statistical analysis was conducted using the analysis of variance (ANOVA). We used the standard Student's t test for the comparison of the raw and transformed data showing no departures from normality (according to Shapiro-Wilk's test).
Results
Parameters of Ca 2+ Ion-Induced MPT
In isolated rat liver mitochondria, exogenous Ca
2+
-ions dose-dependently induced MPT onset which was registered by mitochondria swelling (Fig. 1a shows the representative swelling curves). CsA (2 µM) completely prevented absorbance changes (Fig. 1a) . The swelling rate (v = ΔD 520 / min) depended on the added Ca 2+ concentration, temperature, and the presence of the oxidants (Figs. 1, 2 ] to the maximal swelling rate v max ), n is the Hill coefficient which characterizes the degree of binding cooperativity, and K d is the dissociation constant of ligand binding to mitochondria sites. If the cooperativity is full, the Hill coefficient equals the number of ligand-binding sites. The Hill plot intersects the abscissa axis at half-saturation concentration of the ligand (or K d point), which reflects the affinity of the mitochondria for the ligand. In the range of 30-150 µM Ca 2+ ions, the apparent K d = 60 ± 12 µM (this value is close to the K m value, determined from the Lineweaver-Burk plot) and the Hill
coefficient is equal to n = 3, and n = 1 at lower Ca 2+ concentrations, in accordance with the theory of the Hill equation. Figure 2 represents the temperature dependence of the apparent mitochondria swelling rate at various Ca 2+ concentrations. Using these dependences and the Arrhenius equation, we determined the activation energy of the MPT process:
where v is the swelling rate at the temperature T (K), A is the pre-exponential factor, R is the Gas constant, and ΔEa is the activation energy of Ca 2+ -induced swelling. The Arrhenius plots at different Ca 2+ concentrations showed a break at 30-34 °C (Fig. 2b) . The activation energies of the MPT onset were found to be ΔEa = 130 ± 20 kJ/mol at lower temperatures and ΔEa = 50 ± 9 kJ/mol at the temperatures above the inflection point.
The exposure of isolated mitochondria to exogenous Ca 2+ resulted in rapid mitochondrial membrane depolarization in EDTA-free medium, as was measured using the potential-sensitive dye safranin O (Fig. 3a, b) , and in fast depletion of mitochondrial NAD(P)H, as was analyzed by the method of NAD(P)H autofluorescence (Fig. 3c) . Under these conditions, CsA pretreatment markedly prevented membrane potential loss (Fig. 3a) . In accordance with the previous observations, Mg 2+ -ions inhibited Ca 2+ -induced membrane depolarization (Fig. 3b) . As Fig. 4 shows, Ca 2+ -induced membrane potential dissipation and NADH oxidation are parallel processes.
Effect of tBHP and HOCl on Ca 2+ -Induced MPT
The preliminary exposure of isolated mitochondria to tBHP dose-dependently increased the rate of Ca 2+ -induced mitochondria swelling (Fig. 1b) . Using the Lineweaver-Burk plot of dependence of swelling rate on Ca 2+ concentration in the presence of 300 µM tBHP, we showed that the
oxidant increased the apparent K m and the v max for Ca 2+ -induced mitochondrial swelling (Fig. 1c) . The apparent K m for Ca 2+ interactions with mitochondria in the presence of 300 µM tBHP was calculated to be equal to 120 ± 20 µM. One can suggest that the mitochondria exposure to the oxidant elevated the number of Ca 2+ binding sites. Figure 5a represents the dependence of Ca 2+ -induced mitochondrial swelling rate (ΔD 520 /min) on tBHP concentration in EDTA-free medium in the presence of 30 µM of Ca 2+ . From the Lineweaver-Burk plot of this dependence, we calculated the apparent Michaelis-Menten constant, K m , of the oxidant interaction with mitochondria in the swelling reaction, and the K m was found to be 11 ± 3 µM (Fig. 5b) . In the absence of exogenous calcium in EDTAfree medium, tBHP-induced slow mitochondrial membrane depolarization (Fig. 6a) , as was measured using a potentialsensitive probe, and NAD(P)H depletion (Fig. 6c) evaluated by a decrease of NAD(P)H fluorescence. In the presence of 0.5 mM EDTA, tBHP did not induce any changes in the membrane potential (Fig. 6b) . Thus, the mitochondrial effect of tBHP depended on the presence of endogenous Ca 2+ ions in the media. Interestingly, at low oxidant concentrations (0.02 mM), the NADH level in mitochondria partially reversed (Fig. 6c) .
The second oxidant, HOCl, exerted a considerable effect on Ca 2+ -induced MPT (Fig. 1b, c) . The effect of HOCl depended on the ratio of HOCl/Ca 2+ . HOCl (at a constant concentration of 300 µM HOCl) increased the rate of Ca 2+ -induced mitochondria swelling at low concentrations of Ca 2+ ions (15 µM) and decreased this parameter at higher Ca 2+ concentrations (60-150 µM) (Fig. 1b) in comparison with the control experiments. In EDTA-free medium, HOCl induced slow time-dependent mitochondrial membrane depolarization (Figs. 7a, 8 ) and NADH depletion (Figs. 7c, 8 ), which were parallel processes. EDTA (0.5 mM) significantly prevented HOCl-mediated decrease of mitochondrial membrane potential (Fig. 7b) . Many earlier studies have considered the MPT to be due to the formation of a preformed pore complex between the mitochondrial inner and outer membranes (McStay et al. 2002) , an alternative view has been that the MPT is not a result of opening of a preformed pore, but is due to increased membrane permeability caused by oxidative damage to membrane proteins including the adenine nucleotide translocase (ANT) (Kowaltowski et al. 2001 ). According to the earlier models, MPT pore would be a multiprotein complex spanning both (outer and inner) mitochondrial membranes and comprising ANT, VDAC, and peripheral benzodiazepine receptor, an OMM protein nowadays called TSPO, matrix protein cyclophilin D (CypD) as well as hexokinase and Bcl-2 proteins (Zamzami and Kroemer 2001) . Cyps are highly conserved ubiquitous proteins which possess peptidyl-prolyl-cis-trans isomerase activity. Matrix CypD acts as key regulator of MPT, enhancing its sensitivity to Ca 2+ , and as the site of the action of inhibitor of MPT pore opening, CsA (Richardson and Halestrap 2016) . The important feature of the mammalian PTP is its modulation by redox effectors, while a more oxidized state favors PTP opening. Recently, the Bernardi P. group suggested that under conditions of oxidative stress, dimers of the F 0 F 1 -ATP synthases of mammalian mitochondria, yeast, and Drosophila can be turned into Ca 2+ -dependent channels whose electrophysiological properties match those of the corresponding MPT pores Bernardi and Di Lisa 2015) . Thus, MPT transforms F 0 F 1 -ATP synthases from an energy-conserving into an energy-dissipating device and plays an important role in cellular pathophysiology (Giorgio et al. 2013) . Membrane potential and matrix pH are the key modulators of MPT pores and are also the key regulators of ATP synthase. The pores play a potential role as Ca 2 release channels. Channel openings are favored by thiol oxidation and inhibited by adenine nucleotides and Mg 2+ (Bernardi 2013 ). On the other hand, Halestrap and coworkers suggested that the MPT pore might be formed at an interface between ANT (in "c" conformation) and the phosphate carrier (P i C) and both of which can bind CypD (Richardson and Halestrap 2016; Halestrap 2014) . It was suggested that the ANT usually plays a regulatory role in MPT onset rather than provides the transmembrane pore component and that a calcium-triggered conformational change of the mitochondrial P i C, facilitated by CypD, induces pore opening (Leung and Halestrap 2008) . Ca 2+ may act through binding to annular cardiolipin. Jonas et al. (2015) suggested that the c-subunit of F 1 F 0 ATP synthase is the main molecular component of the MPT pore. It was shown that the purified reconstituted c-subunit ring of the membrane portion F O of F 1 F O ATP synthase forms a voltage-sensitive channel whose persistent opening leads to rapid and uncontrolled depolarization of the inner mitochondrial membrane (Alaviana et al. 2014) . It seemed possible that Bcl-2 family proteins could form part of a large protein complex that regulates MPT and cell death.
Discussion
From a kinetic point of view, at least three distinct phases must be resolved during the MPT in` isolated rat liver mitochondria: (1) initial intake of Ca 2+ ; (2) a ,,lag" phase during which Ca 2+ -induces a series of processes (pre-swelling MPT induction); (3) a positive feedback autocatalytic propagation or ,,termination" phase during which pore opening, mitochondria swelling, and sequestered Ca 2+ release take place (Baranov et al. 2008 ).
In the current study, we have estimated the parameters (stoichiometry, affinity, activation energy) characterizing calcium interactions with mitochondria during MPT and have demonstrated the effects of oxidants on this process. The apparent K m for Ca 2+ interactions with mitochondrial sites (75 ± 20 µM, as was calculated from the Michaelis-Menten plot of the dependence of MPT rate on Ca 2+ concentration), and the apparent K d (60 ± 12 µM, as was calculated from the Hill plot) were higher than those for the mitochondrial uniporter (MCU), while experiments on permeabilized cells reported the K d of 10 μM Ca 2+ for the uniporter (Patergnani et al. 2011) . The order of the reaction of Ca 2+ ions with the mitochondrial membrane was calculated to be equal to n = 3 (the Hill coefficient). It means that three Ca 2+ ions cooperatively participate in the pore formation. The activation energy of Ca 2+ -induced MPT at temperatures below the break point of the Arrhenius plot (E a = 130 ± 20 kJ/mol) corresponds to the activation energy of the protein denaturation process. One can suggest that mitochondrial pore formation is driven by denaturation transition of one of the mitochondrial membrane proteins. The break of the Arrhenius plot at 30-34 °C may reflect mitochondrial membrane transformations due to phase transition of membrane lipids. The activation energy of the MPT process at higher temperatures (E a = 50 ± 9 kJ/mol) is in line with the value of enthalpy of lipid bilayer phase transition (20-50 kJ/mol) (Marsh 1992 ). As we showed, the activation energy of the MPT did not depend on Ca 2+ concentration. The elevation of Ca 2+ concentration increased the rate of the MPT but it did not change the energy threshold of this process. Ca 2+ -induced dissipation of the mitochondrial membrane potential and NADH oxidation were related to the MPT onset. It was shown that the decrease in the transmembrane mitochondrial potential stimulated MPT and increased transmembrane potential prevented MPT (Kowaltowski et al. 2001) .
In our experiments, prevention of the pore formation by CsA (Fig. 1a) considerably inhibited Ca 2+ -induced membrane depolarization (Fig. 3a) . Similarly, Hawkins et al. (2010) showed earlier that CsA (5 µM) pretreatment of permeabilized rat pulmonary microvascular endothelial cells significantly blunted Ca 2+ -dependent mitochondrial depolarization that occurred via the MPT pore opening. Yang et al. showed for human monocyte-derived macrophages that blocking HOCl-induced MPT pore formation with CsA prevented the loss of mitochondrial membrane potential and cell death (Yang et al. 2012) . We suggested that mitochondrial depolarization occurred via Ca 2+ -stimulated mitochondrial membrane permeabilization. However, in their earlier works, Petronilli et al. (1993a, b) emphasized that MTP opening is the consequence rather than the cause of membrane depolarization. The membrane depolarization is both necessary and sufficient to trigger pore opening. Similarly, it was shown earlier that the oxidant tBHP caused a collapse of the mitochondrial membrane potential, which preceded the onset of mitochondrial swelling. CsA dramatically slowed swelling induced by tBHP without altering prooxidant-induced depolarization (Kushnareva and Sokolova 2000) .
The other cause of membrane potential loss in the presence of exogenous Ca 2+ is the Ca
2+
-dependent direct inhibition of the mitochondrial respiration (Pandya et al. 2013) . Similarly, the movement of Ca 2+ into energized mitochondria should directly decrease membrane potential. -induced reactions inside mitochondria. In accordance with numerous observations, the exposure of mitochondria to tBHP considerably enhanced the probability of Ca 2+ -induced MPT. It was shown earlier that exposure of heart mitochondria to tBHP resulted in peroxidation of cardiolipin, associated with an increased sensitivity of mitochondria to Ca 2+ -induced MPT (Petrosillo et al. 2009 ). In our experiments, the oxidant simultaneously increased the rate of mitochondria swelling and decreased the affinity of mitochondria to Ca 2+ . It was concluded that tBHP oxidizes the vicinal SH-groups of mitochondrial membrane to disulphides, which results in higher gating potential (or higher pore opening probability) (Petronilli et al.1994) . Stabilization of the ANT in "c" conformation by oxidative stress inductors (tBHP and diamide) due to reaction with thiol groups was found to increase MPT pore opening in the inner mitochondrial membrane (Castilho et al. 1996; Halestrap and Brenner, 2003; Halestrap 2010; Korotkov et al. 2016) . Recently, it has been shown that Ca 2+ -induced swelling enhanced by tBHP was inhibited by ADP and hydrophobic thiol reagent, N-ethylmaleimide, and CsA additionally increased these effects of ADP and N-ethylmaleimide (Korotkov et al., 2016) . Ca 2+ release from the damaged mitochondria plays a role in this process because EDTA (0.5 mM) inhibited membrane depolarization induced by tBHP. In our experiments, tBHP oxidizes mitochondrial NADH (at low oxidant concentrations this process was reversible). Earlier we have shown that direct oxidative modification of enzymatic complexes of the respiratory chain and matrix, mitochondrial reduced glutathione depletion, protein glutathionylation, membrane lipid peroxidation, and Ca 2+ -overload are the main events of mitochondrial peroxidative damages induced by tBHP (Zavodnik et al. 2013) . It was suggested that tBHP was reduced directly by cytochrome c1, and/or cytochrome c of the electron transport chain of rat liver mitochondria and generated methyl, tert-butoxyl-and tert-butylperoxyl-radicals (Kennedy et al. 1992) .
On the opposite, the other oxidant, HOCl, at concentrations of 200-300 µM inhibited swelling due to Ca 2+ -induced MPT (Fig. 1b) and considerably decreased the mitochondrial membrane potential and NADH level in EDTA-free medium. The inhibitory effect depended on both HOCl and Ca 2+ concentrations. In our earlier work, we showed numerous signs of HOCl-induced mitochondrial dysfunction: hypochlorous acid (50-300 µM) considerably inhibited rat liver mitochondria respiration and the key enzyme of the Krebs cycle, α-ketoglutarate dehydrogenase, produced mitochondrial uncoupling and oxidized mitochondrial protein sulfhydryl groups and glutathione (Maksimchik et al. 2010 ). HOCl, as was shown earlier, irreversibly oxidized SH-groups to sulphonyl chloride, R-SO 2 Cl, without conversion to disulphide (Winterbourn and Brennan 1997) and by this way prevented pore opening. The other mechanism of HOClinhibition of pore formation may be the inhibition of the mitochondrial Ca 2+ uptake due to the decrease of membrane potential caused by HOCl. Using HeLa cells, we determined the dose effect of HOCl on MPT pore opening in intact cell system. HOCl at concentrations of above 15 µM produced pore opening in the whole cell and Ca 2+ efflux from mitochondria to the cytoplasm (data not shown).
In the earlier works of Bernardi (1992) and Petronilli et al. (1993a, b; , it was suggested that MTP behaves as a voltage-dependent channel modulated by (i) membrane potential in the case of increased pore opening probability upon depolarization, (ii) matrix pH in the case of decreased pore opening probability as the matrix pH drops below 7.0, and (iii) Me 2+ binding to inner and outer sites independently modulating the pore open-closed transition (Petronilli et al. 1994) . The pair of vicinal membrane thiols can be seen as a redox sensor, regulating pore activity (Petronilli et al. 1993a, b; Bernardi 1992; Petronilli et al. 1994 ).
Conclusions
Rat liver mitochondria exposure to exogenous calcium ions resulted in mitochondrial membrane depolarization and NADH depletion and MPT onset. The apparent Michaelis-Menten constant K m for Ca 2+ interaction with mitochondria in the reaction of pore formation, as determined from the Lineweaver-Burk plot of the dependence of MPT rate on Ca 2+ concentration, is equal to 75 ± 20 µM (at 25 °C), and the apparent K d = 60 ± 12 µM, as was calculated from the Hill plot of this dependence. This value is higher in comparison with the known K d for mitochondrial Ca 2+ uniporter (K d = 10 µM). Three Ca 2+ ions cooperatively interact with mitochondrial sites (the Hill coefficient n = 3). We registered temperature-dependent mitochondria structural transition in the physiological range of 30-34 °C resulting in a significant decrease of activation energy of MPT at higher temperatures. The activation energies of the MPT onset at temperatures lower and above 30-34 °C are calculated to be equal to 130 ± 20 and 50 ± 9 kJ/ mol, respectively. The oxidants studied, tBHP and HOCl, reduced mitochondrial membrane potential, and oxidized mitochondrial NADH in the EDTA-free medium.
